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ABSTRACT

J255
Fifteen professional pilots and a like number of R.0.T.C. students
were used as subjects in establishing the relative difficulty in
controlling for pitch, roll, yaw and altitude when these para-
meters were presented in all possible combinations with one another.
The Bell simulator was used with the Norden vertical display serv-
ing as the media for information transmission. Momentary error

and control position were recorded and were later converted into
error and inefficiency scores.

While highly significant in a statistical sense, the differences
between conditions were considered to be of limited theroretical
interest. The primary contribution of the study was in its
comparison of the different indices of error (absolute, squared
and standard deviation) and the measures of inefficiency.

It was concluded that the standard deviation is the most sensitive
of the error measurements and that an index of inefficiency (pro-
duct of the error and the rate of control movement) is more sensi-

tive of error alone. P 2£/
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I. INTRODUCTION

This study presumes to examine two general research areas. First,
its intent is to describe tracking behavior as a consequence of
task complexity where complexity relates to the number of sub-
tasks making up the composite effort. Second, various analytical
procedures are examined with the purpose of determining their rela-
tive value to the description of tracking performance.

Historically, the systematic study of tracking performance begins
on a theoretical rather than on an applied level. The procedures
and methods of measurement developed in this early work continue
to exert some influence on contemporary thinking, although the
emphasis has greatly altered. The original work was performed in
an effort to describe human behavior and capabilities in a very
general way. More recently, the trend has been toward a descrip-
tion of machines as they are operated upon by the human. Compari-
son is made of systems by utilizing the human operator as the  cri-
teria for evaluation or judgment. This approach has become more
pronounced with the development of simulators which are used for
training and experimental purposes. These devices can be used
either for very practical and specific purposes or as tools for
theoretical research. This versatility has produced some confu-
sion in their use. When the experimental effort is primarily re-
lated to questions of human ability, a somewhat different approach
is required than when the questions pertain to system utilization.
Some measurements, for example, will be appropriate to one type of
research, but of dubious value to the other.

In the operation of a particular aircraft, it is reasonable to in-
quire into the disadvantages of giving the pilot tasks to perform
in addition to those for which he is already responsible. In such
a study, the independent variables can be specified and suitable
measures of performance can be contrived.

As a theoretical study (one in which the data can be extrapolated
upon in application to a number of dissimilar situations), however,
the question of performance as a function of task loading is diffi-
cult to answer since it is impossible to operationally define the
term '"'task" without narrowing it to the point where it no longer
retains any general value.

Added to this is the fact that the measure of performance is not
a very objective way of describing human behavior since by its
very nature, it sets up an external and possibly arbitrary cri-
teria.

In retrospect, the present study does not appear to have avoided
these difficulties. Its principle merit perhaps lies in the fact
that it brings some of these problems into sharper focus.
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II. STATEMENI OF THE PROBLEM

There is a considerable amount of literature in the area of con-
trol as it is affected by the amount, the complexity and the per-
ceptual unity of the sub-tasks involved. These studies have of-
ten been categorized into such research areas as work load, part
task versus whole task training, transfer of training, etc. De-
spite the obvious commonality of these subjects, it is difficult
to take a systematic account of the results. The reason for this
is due, to some extent, to the fact that many different types of
tasks have been involved. Some made use of discrete and discon-
tinuous events like throwing a switch or opening a valve. Others
required continuous manipulation such as tracking the oscillations
of a signal on a CRT. Still others require verbal responses. Of-
ten the studies make simultaneous involvement of all these elements.

Added to this heterogeneity is the fact that there is little agree-
ment on what constitutes a description of performance. Some workers
report errors while others analyze time to respond or time on tar-+
get. The possibilities for measurement or evaluation are apparently
infinite, being limited only by the experimenter's judgment of rele-
vance. This is, of course, understandable since it is the nature

of tasks to differ greatly. The criteria for evaluation will also
differ if the work is to have any applicability to the problem areas
selected.

T'he present investigation does not presume to settle these ques-
tions and certainly no criticism is directed toward any previous
work. It does, however, attempt to bring the problem into some-
what better perspective by considering alternative methods of mea-
surement. '

The first consideration, and perhaps the one for which there: is

no satisfactory theoretical basis for settlement, is simply a
question of definition. What is the proper unit for the descrip-
tion of a task? In common usage, and indeed in scientific descrip-
tion, the application of the term is altogether arbitrary. It may
consist of an eyeblink, driving a car or being president of a corpo-
ration. We can speak of'piloting an aircraft as a task or we can
analyze it into two tasks: one involving flight control and the
other engine control. Each of these can undergo further fragmenta-
tion or analysis. Still other divisions can be made such as con-
sidering navigation and aircraft control to be separate tasks. It
is evident that all of these divisions are abstract, being created
for analytical convenience.

This discussion is to engage in something other than the controversy
of whether' the basic units of behavior are to be described in molar
or molecular terms. Whatever can be said for the impeccability of
its logic, it should be obvious that a description of piloting be-
havior based upon muscle twitches would be impractical. The ques-
tion then is not whether the units of task description should in-
volve complex and heterogeneous elements, since it is evident
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that they must, but rather it must concern itself with the selection
of operationally significant criteria which can be applied to
those collections we employ. The difficulty transcends the pro-
blem of communicating with people who read such reports as this.
The subjects of an experiment are also caught up into the arti-
ficialities of its analysis. The subject may be told to hold a
symbol in the center of a CRT display by moving a control stick
laterally when the symbol makes sideways excursions and to push
it fore and aft when it moves up or down. The experimenter would
almost unconsciously fall into this manner of speaking if he in-
tends to analyze the data in terms of an X-Y coordinate system.
Yet X and Y coordinates are not the perceptual endowment of all
humans. Indeed they are innate to none.

On the other hand, the experimenter can simply tell the subject
to keep the symbol in the center of the scope by moving the lever
in a direction he will subsequently find to be appropriate.

Each of these instructions are to some degree prejudicial to ex-
perimental control. The first almost certainly implies to the
subject that two tasks are involved. The second suggests that a
unitary approach is to be taken. Either or both may be inappro-
priate when analysis is made.

One is almost tempted to recommend that perceptual unities be em-
ployed as the indivisible quanta of motor performance but this,
too, is not without its difficulties. By perceptual unity, one
would mean those tasks the subject sees as being necessary and
sufficient for the control of a parameter. Thus in flying a heli-
copter, those aspects most closely associated with the cyclic
(pitch and roll) would perhaps be perceived in some unified con-
text while altitude (which depends primarily upon the collective
stick) would have an independent status. The problem here, of
course, is that subjects would differ between themselves and even
the same subject would change his conceptual organization of the
total task as the experiment progressed.

The reason for this preoccupation with the problem of task identi-
fication should be evident. To many workers, it seems reasonable
to inquire into the relationship between performance and work load.
The problem arises, however, in trying to give quantitative expres-
sion to work load in a manner that is independent of the performance
measurement. This is to say that the independent variable must be
defined differently than the dependent variable is. To Task A is
added Task B. Aside from any measure of performance, it is doubt-
ful if the work load has been exactly doubled since the tasks may
be separately unequal. Some coefficient of adjustment could con-
ceivably be made for these differences if it were true that in
reality the work load was additive, despite the different scales

of measurement. But it is almost certain that the additive prin-
ciple does not always apply. Not only is the composite of A and

B not twice as great in work load than A or B but there are in-
stances where the aggregate of A and B produce less error than
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A or B taken separately. Some tasks integrate with others to the
advantage of each. Others produce conflicts which yield unex-
pected accumulations of error.

In trying to give graphic description to the performance-work
load function, the experimenter has an ordinate (performance)
but appears to have an abscissa (work load as measured by task
analysis) whose points may migrate and at times transpose them-
selves. 1In any case, they do not lend themselves to linear
scaling.

This being the case, it is with some dismay that we recognize
that our ordinate is perhaps even less respectable than our ab-
scissa.

Up to this point this scale has been referred to rather loosely

as representing performance in a motor task. Usually, perfect
performance is thought of as the absence of error. This being
true, one can convert error scores into performance scores by
taking reciprocals or by subtracting them from some realistic con-
stant. Thus, they are only as good as our concept of error allows
them to be.

Much has been made of the value of objective research, particu-
larly quantitative applications. It is almost as though we were
convinced that arithmetic operations, through some mystical trans-
mutation, can impose order on what is truly chaotic. Not so many
years ago, and for many of those in the area of human engineering,
this has a disturbing freshness, all of this was handled in a
simpler fashion. Usually, if one had a system to evaluate an ex-
pert, a pilot for example, was asked to use it. Later he was asked
for his opinion. If his answer was complimentary, this was re-
garded as sufficient reason for further development or promulgation
of the design. 1If his reply was negative, the experimenter had the
option of changing the design or changing the pilot.

It was inevitable that this method should come under some criti-
cism since it was difficult to keep individual bias from intrud-
ing into the evaluation. Added to this was the fact that there

was no real way of determining how the judgments were being made
since obviously they were highly subjective affairs. Granting

the questionable nature of this procedure, it should be recognized
that the pilot probably did not commit some of the gross atroci-
ties that are perpetrated in the name of objective quantitative re-
search. The pilot at least recognized that the importance of error
is a highly relative thing. 1In some subjective fashion, he proba-
bly integrated what he perceived to be his errors into the produc-
tion of an overall judgment, but it is doubtful that he did this in
a blind mechanical way. He knew, for example, that some errors are
more important than others and that a given error can be tolerated
under one circumstance that would be fatal under another. He knew
to expect more errors when he was relaxed than when he was working
hard.
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There are many other such variables which the pilot might make a
proper interpretation of, but which the experimenter, for reasons
of convenience of analysis, would choose to ignore. The latter
might simply accumulate absolute error without reference to the
momentary situation. This might be a proper thing to do in the
context of pure research although even then it is doubtful. It

is of most dubious validity when applied to the use of flight ve-
hicles. 1In flying a terrain following mission, for example, the
pilot has two things to consider. First, of course, he must avoid
obstacles. The probability of this becomes increasingly great as
he flies higher. At the same time, he must exercise caution about
flying too high since there is the risk of being detected by enemy
surveillance. Taken together, these two conflicting variables pro-
duce a non-linear probability function having a saddle point of
optimal safety. An analysis based upon absolute error from command
is obviously inappropriate to apply to the data; yet, this is fre-
quently done.

It is convenient ‘to regard uncontrolled errors as belonging to
three classes. First are those which the operator recognizes to
exist but to which he does not respond to because he feels that
they are unimportant. Second are those errors which the opera-

tor recognizes to exist, but which, due to his own ineptitude or

to deficiencies in the system, he is unable to null out. Third are
those errors which the operator does not recognize to exist and
consequently does nothing to eliminate.

Presuming that a procedure can be found to distinguish between them,
these error categories should be handled differently. This, in part,
is the objective of the present study.

Although conducted in a helicopter simulator, this study was regar-
ded as fundamentally theoretical. This being so, it was not feasi-
ble to adopt an error scale that conformed to the particular pro-
blems of any given vehicle or system. Recognizing that any scale
used for the assessment of error would, in the final analysis, be
arbitrary, it was decided to investigate several scales with the
view of obtaining one which would best conform to the subject's e-
valuation of importance. The three selected were absolute error,
squared error and the standard deviation of error. The rationale.
was based on the idea that the scale which corresponded most closely
to the subject's evaluation of importance should produce the grea-
test differences (as measured by the F ratio of an analysis of vari-
ance) between test conditions if these test conditions were truly
of differential difficulty.

A second procedure introduced here was contrived with the intention
of measuring subject efficiency. This relates to the question of
whether the subject regards the momentary error as being important
enough to respond to.

The general notion of efficiency can be expressed as the ratio be-
tween error and magnitude of activity. If an error exists but
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the subject does nothing to null it out, he is not behaving in-
efficiently although he may be behaving inappropriately from the
experimenter's point of view. On the other hand, if an error
exists which requires an unusual amount of activity from the
subject in order to correct it, his behavior can be character-
ized as inefficient. Thus, by taking the product of error and a
measure of the subject's activity, one can produce an index of
inefficiency. In this study, the measurement of activity was
simply the integrated rate of control movement. Arithmetical
products were obtained between each of the measurements of error
described above and the measurement of the work performed. This
in turn produced three measures of inefficiency. These measures
are described more precisely in a subsequent section of this re-
port.
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ITII. BACKGROUND

The early history of experimental psychology contains numerous
descriptions of studies of performance on simple manual tasks.
Much of this is systematic and of continuing theoretical inter-
est. The measurements were often of reaction time to the onset
of lights or other stimuli with the view of taking measurements
of sensory, motor and cognitive processes. Some work was accom-
plished on the effect of two or more concurrent tasks on per-
formance and, while the experimental arrangements were not speci-
fic to any particular control problem, this work also retains
some general interest. Except as these effects tended toward
individual differences, they did not lend themselves to the gen-
eration of many useful concepts or theories, however.

As with many other areas in scientific investigation, World War
II served an an impetus to research on performance in complex
task situations. In the past few decades a further acceleration
of interest on manual control is evident. This has led to multi-
ple bifurcations of subject matter which generally have acquired
independent linguistic developments. It would not be appropriate
to trace these mutations here. There are, however, three general
areas which can be said to relate to the present study. These
are: (1) the effect of varying work load on psychomotor perfor-
mance; (2) part task vs whole task training; and (3) transfer of
training.

The work of Conrad (2.) is germane to the problem of work load.

In this study, the effect of an increase in perceptual load on
performance was examined. Subjects were given the number of dials
and an equal number of control handles which were in paired corres-
pondence with one another. The task of the subject was to monitor
the dials and to correct, by means of the appropriate control han-
dle, any motion away from the standard that might occur. Beginning
with four dials, Conrad successively increased the task until 12
dials required monitoring and control. If movement occurred on a
dial, it would continue unchecked. If its movements were observed,
the needle could be returned to its initial position by means of
the handle. Scoring was obtained of the number of corrections oc-
curring each minute and of the elapsed time between the initiation
of a movement and the correcting response. It was found that as
the number of tasks and dials to be monitored and controlled in-
creased, there was a proportionate decrease in the number of cor-
rections per minute and of corresponding increase in the elapsed
time before correction was made. It was, however, suggested that
a plateau was reached with about 10 dials because no significant
difference was obtained between the 10 and the 12 dial conditions.
Although Conrad terminated his investigations with 12 dials, it is
possible that the leveling-off process would have continued beyond
this number. Jeantheau (6.) continued this line of investigation
by testing the differential effects of speed and load stress on
task performance. He investigated the independent effects of




variations in task speed and load in an information processing
task. Load was varied in terms of word length with alphabet size
and words per measure held constant. Speed was varied as the
number of words per minute. The results indicate that both speed
and work load increases impair performance. Significant, however,
is the fact that the shortest word length had little effect on per-
formance as the rate of presentation increased. This appears to
suggest that for tasks of a simple nature, there is little decre-
ment in performance with increased load, but that this generaliza-
tion does not apply to the more complex tasks.

Support for this conclusion was obtained by Baker, et al (1.).
These investigators studied the effects of complex additional tasks
on performance. They obtained a continuous impairment on perfor-
mance as the task loading was increased. If the leveling-off phe-
nomenon occurs, it would then be limited to simple tasks.

The difficulty in making comparisons of this kind lies in the def-
inition of simple and complex, as they relate within the present
context. Conceivably these could merely be an unfortunate use of
terms. Simple may be better expressed in description of tasks which
are easily integrated because of the similarity or conceptual unity.
Complexity then would refer to dissimilar tasks, especially those in
which transfer of training is either absent or negative. This is
only to restate the problem introduced in the previous section. As
work is added, are the new tasks simply multiple reiterations of the
original tasks or are they truly independent?

The classical work on transfer of training is too familiar to re-
quire description here. The reader is referred to McGeoch (5.) for
an extensive treatment of this topic. In a recent study by Elam
and Emery (4.), the data appeared to lend credence to two hypothe-
ses. The first was that, within limits, an increased work load,
made up of tasks showing positive transfer to one another, produced
a negatively accelerated error function, while tasks showing nega-
tive transfer produced a positively accelerated growth function.
The second hypothesis was that the measurement of efficiency (ratio
of error to work performed) produces a superior analysis of task
difficulty than error scores alone. This is based upon the notion
that subjeci error as distinguished from total system error exists
only if the subject acknowledges it to exist by making proper con-
trol movement.




IV. METHOD

Sub jects

Thirty subjects were used in the collection of the data of this
experiment. Fifteen of these were rated helicopter pilots ob-
tained from the Flight Test Department of Bell Helicopter. The
remaining subjects were without flight control experience. They
were selected from the ROTC program of Texas Christian University.
All subjects were paid for their participation in this study. It
was ascertained for all subjects that vision (corrected) was nor-
mal and that none suffered from other debilitating sensory or
motor impairment. The choice of the subject population was based
upon the desire to obtain groups that were roughly similar to

those individuals who might be used in other NASA studies. It

was assumed that since both the ROTC and the pilot group had pre-
viously satisfied certain physical and mental criteria, they would
be relatively homogeneous as compared with the general population.
This statement is especially true for the pilots, although it is
believed that the data taken from the performance of the non-pilot
subjects can also be extrapolated upon to those operator situations
that are of particular interest to NASA. The pilot and the non-
pilot subject groups were treated alike except that while the for-
mer experienced each experimental condition only once, the non-
pilots repeated the sessions on 15 separate occasions. This pro-
cedure would have been followed for the pilots but it was impossi-
ble to schedule them for so sustained a period. In consequence,
the pilot group may be regarded as a replication of the non-pilots
for the first day of testing of this latter group. Although the
pilots were familiar with the control situation as found in the
flight simulator, it should be pointed out that they were not fa-
miliar with the display used in this study. Added to this was the
fact that the simulator did not respond in a manner that these sub-
Jects were accustomed to obtaining in an aircraft. One particularly
novel element was that the simulator did not translate fore, aft or
laterally as a flight vehicle would do. Nor was there any cross-
coupling between control elements as is found in actual flight ve-
hicles. These peculiarities, in concertwith the novelty of the
display media, were undoubtedly disconcerting to the pilots. These
remarks are entered as a caution to the reader not to expect the
pilot performance to be of a consistently high quality.

AEEaratus

Simulator: All testing was accomplished with the subjects in the
Bell Dynamic simulator. This apparatus was constructed in simu-
lation of the side-by-side cockpit control configuration. The
controls, standard for helicopter, consisted of cyclic stick for
roll and pitch control,’ collective stick for altitude control and
foot pedals for yaw control. Although the moving platform upon
which the cabin rested was capable of six characteristics of mo-
tion (roll, pitch, yaw, altitude, lateral and horizontal displace-
ment) only four (roll, pitch, yaw and altitude displacement) were
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actualized in the present experiment. The system dynamics, in a
very gross manner, were memetic of helicopter flight--with the ex-
ception that all cross-coupling was removed and neither the dis-
play nor the platform was free to exhibit either lateral or hori- .
zontal translation. While it was recognized that these restric-
tions greatly reduced the similarity between the apparatus and any
flight vehicle, it should be understood that these modifications
were essential to the conduct of the experiment. Although it was
desirable to preserve as much similitude with an actual flying sit-
uation as possible, this factor was of secondary importance. Since
the purpose of the study was to examine performance as a conse-
quence of the number of unitary tasks involved, it then became es-
sential that these tasks remain absolutely independent to one an-
other. Thus, the presence of cross-coupling would have been con-
founding to the analysis since there would be a mult1p11c1ty of
control possibilities; none of which would absolutely enjoy a pref-
erential status. If altitude could be affected directly through
the collective or indirectly through the pitch channel, it would

be impossible to relate error to input in any systematlc manner.
The problem, moreover, would be intensified under those conditions
where a particular control channel was not available. If a subject
learned that altitude could be controlled by either collective or
pitch control, when both were present, he would be at a disadvan-
tage during those conditions when only pitch control was effective.
In the actual helicopter situation, lateral and horizontal trans-
lations are not obtained in a direct manner, but rather are the
temporal consequence of malntalnlng certain fllght attitudes, in-
volv1ng pitch, roll and altitude control. Being complex and attain-
able in a variety of control combinations, they would produce an
unnecessary ambiguity to the test situation. For the purposes of
the present study, an invariant relationship was required between
the control parameters and the display characteristics with which
they were paired. Thus, the situation obtained was such that pitch
control was exercised only by the forward~backward movement of the
cyclic stick. Roll was introduced by a lateral movement of the
same control lever. Yaw was served by the rudder pedals and alti-
tude change could be affected only by the collective handle. By
segregating the control-display channels in the above manner, the
diversification of control patterns was, in consequence, avoided.

The simulator cabin is shown in Figure 1. The windows and wind-
screens of the cabin were opaque. Cabin lighting was provided of
an intensity sufficient for ease of control, but was not of a
brightness to interfere with reading the Television monitor dis-
play. During testing, the subjects wore a helmet containing mi-
crophone and headphones. This allowed them to communicate with
the experimenter who sat at a console some distance from the simu-
lator cabin. During testing, a noise resembling that made by the
rotor and engine of a helicoptér was heard in subject's earphones.
This, along with the opacity of the windows, was sufficient to
isolate the subject from extraneous stimulus cues, and insured
their reliance upon the display and upon those proprioceptive cues
provided by the movement of the platform.
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FIGURE 1. SIMULATOR MOUNTED ON DYNAMIC PLATFORM
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Display: The contact analog vertical display was used by the
subjects for the control of both attitude and altitude. The dis-
play image is shown in a characteristic position in Figure 2.

The display signal generator system provided a variety of inputs

in video form to the cockpit display. Computed attitude infor-
mation in pitch and roll were displayed in the form of an earth
stabilized horizon. The transformation of earth coordinate posi-
tions in the appropriate display screen coordinates were computed,
utilizing signals integrated from control and noise inputs. The
horizon which appeared as a white line on the upper margin of the
grid could be used by the subject to ascertain pitch and roll atti-
tude. The impression was much as though the operator was looking
forward through the wind screen of a hovering helicopter. If the
horizon line moved up the scope, this was correctly judged as de-
noting a nose down condition. Down scope indicated a nose up situ-
ation. A clock-wise rotation of the horizon line was appropriately
responded to as a left roll. A rotary movement in the opposite di-
rection was indication of a, right roll.

Clouds appeared above the horizon. These had a three-fold purpose.
First, they contributed to the pictorialization of the display.
Second, they could be used for pitch and roll control in those con-
ditions when the aircraft was pitched up so that the horizon line
was not in the picture. Finally, the clouds were of use in yaw
control since a rotary motion about this axis would cause them to
shift across the screen.

Below the horizon line, a grid (intersecting lines perceptually
orthogonal from an oblique visual reference converging at infinity)
was shown. The size of the squares varied with the altitude as did
the figure-ground relationship. From O to 96 feet the grid was com-
posed of white lines on black background. As the altitude increased
within this interval, the size of the squares decreased. At 96 feet
the squares recovered their initial size but were then made up of
white lines on a dark background. With increasing altitude, the
squares again decreased in size until a heighth of 768 feet was ob-
tained. At this point, the figure-ground relationship was again re-
versed and the squares recovered their full size only to diminish

as still more altitude was obtained. Thus, altitude was displayed
through three magnitude segments by changing the figure-ground ar-
rangement. Within each segment, the size of the squares varied, be-
coming smaller as the upper limit of the segment was approached.

The grid was also used to display yaw. The perceptually paralleled
lines converged at the four cardinal points of the compass. A
change in yaw would produce a rotative movement of the grid which
was seen as pivoting about the stabilized earth position.

Computer: The computer facility is shown in Figure 3. It was a
Berkeley EASE model 1,000 analog computer. It provided the con-
trol-display dynamic link. 1Its outputs were also used to drive
the dynamic platform upon which the simulator cabin was mounted.
The experimenter sat at the console shown in the picture. He was

12



FIGURE 2.

ILLUSTRATION OF CONTACT ANALOG DISPLAY

13




NMOHS SUILITIOVA ONIUI0DHd™ ANV ONI.1NdWOD
dHI 40 NOIIYOd V HLIM HTOSNOD S ¥LINIWIYIIXH "¢ HINOIA




.

provided with a TV monitor which registered the same picture that
was seen by the subject. In addition, the operator had an inter-
com system for communication with the subject and the necessary
equipment for the control of the experimental procedures.

Recording: The data were recorded on magnetic tape. Depending
on the experimental condition, registration was made on as many
as nine channels at a time. Error measurement consisted of the
following: momentary error in (1) pitch, (2) roll, (3) yaw, and
(4) altitude. Activity measurements were also determined; these
were acquired for (5) fore and aft position of cyclic stick,

(6) lateral position of the same control handle, (7) rudder pedal
position and (8) collective stick position. 1In addition, (9) a
volce channel from the intercom was obtained which identified the
condition and number of each trial.

Except for the voice channel, these records were subsequently
converted to digital form before analysis was undertaken. The
analysis is described in the following section.

Procedure

There were fifteen conditions of testing used in the experiment.
These differed only in the combination of tasks involved. All
combinations of the four tracking tasks taken one or more at a
time were included. This is shown in Table I. The list of tasks
for the fifteen conditions of the experiment - roll, pitch, yaw
and altitude - are symbolized as R, P, Y and A respectively.

Considered from a different point of view, there were four levels
of task difficulty. On the most simple level, each task was pre-
sented alone. On the second level, each task was presented in the
presence of each remaining task. As a third level, each task was
presented in concert with two other tasks. Finally, there was a
fourth level in which all tasks were given simultaneously. If the
assumptlons could have been made that the tasks were of equal dif-
ficulty (as determined by the amount of time the subject spent in
control of each) and that the tasks were neutral to one another with
reference to operational interference, then the data could be exam-
ined using the classifications of (1) simple task, (2) task with
one additional task, (3) task with two additional tasks, etc. It
is unlikely that the first assumption can be made and it is cer-
tain that the second cannot. It is, in consequence, necessary that
each combination be analyzed separately.

It may be correctly judged that in producing individual analysis,
the initial aim of the study (description of performance as a func-
tion of task loadlng) is thereby sacrificed. While this may be un-
fortunate, little is to be galned by the pretense that task loading
is in some simple relationship with the number of tasks given.
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Condition Tasks

N
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10

11

12

13

14

15

R
P
Y
A
R+P
R+Y
R+A
P+Y

P+A

Y+A

R+P+Y
R+P+A
R+Y+A

P+Y+A

R+P+Y+A

Momentary
Momentary
Mbméntary
Momentary

Momentary
Momentary

Momentary
Momentary

Momentary
Momentary

Momentary
Momentary

Momentary
Momentary

Momentary
Momentary

Momentary
Momentary
Momentary

Momentary
Momentary
Momentary

Momentary
Momentary
Momentary

Momentary
Momentary
Momentary

Momentary
Momentary
Momentary
Momentary

TABLE I

Measurements

Error
error
error
error
error

error
error

error
error

error
error

error
error

error
error

error
error

error

error
error

error
error
error

error
error
error

error
error
error

error
error
error
error
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in
in
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roll
pitch
yaw
altitude

roll
pitch

roll
yaw

roll
altitude

pitch
yaw

pitch
altitude

yaw
altitude

roll
pitch
yaw

roll
pitch
altitude

roll
yaw
altitude

pitch
yaw
altitude

roll
pitch
yaw
altitude

Taken

Control Position

Lateral Cyclic
Fore-Aft Cyclic
Foot Pedal
Collective

Lateral Cyclic
Fore-Aft Cyclic

Lateral Cyclic
Foot Pedal

Lateral Cyclic
Collective

Fore-Aft Cyclic
Foot Pedal

Fore~Aft Cyclic
Collective

Foot Pedal
Collective

Lateral Cyclic
Fore-Aft Cyclic
Foot Pedal

Lateral Cyclic
Fore-Aft Cyclic
Collective

Lateral Cyclic
Foot Pedal
Collective

Fore-Aft Cyclic
Foot Pedal
Collective

Lateral Cyclic
Fore-Aft Cyclic
Foot Pedal
Collective
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It can be seen that under Condition 1 that only roll was present.
In other words, the display and the platform remained stable and
at the null position for pitch, yaw and altitude since only roll
inputs were present and only the lateral movement of the cyclic
was effective. During this condition, records were obtained only
of roll error and of the lateral movement of the cyclic. For Con-
dition 8, both pitch and yaw varied with the subjects' inputs and
the forcing functions on these channels. Similarly, records were
obtained only of pitch and yaw error and of the fore-aft movement
of the stick along with the movement of the foot pedals. Only
under Condition 15 were all channels active, each requiring the
attention of the subject. When this condition was present, all
eight quantitative magnetic tape records were made.

On each day of testing, each subject received each of the 15 con-
ditions described above. Each condition was given for a two min-
ute interval. The non-pilots were given 15 days of testing while
the pilots received only one day. The order of presentation of
conditions varied between subjects and between days as shown in
the latin square of Table II. On any given day of testing, each
subject received an order of condition presentation that was dif-
ferent from that received by any other subject. During the 15
days, however, each subject received each sequence of conditions.
Subject No. 2, for example, received order 15 on the first day,
order 5 on the second, etc. The orders were made up of different
sequential arrangements of the 15 conditions shown in Table I.

In Table III, the daily sequence of conditions for the 15 orders
is shown for Subject No. 2. On the first trial of the first day,
the subject was required to control for roll, pitch, yaw and alti-
tude simultaneously. On the second trial, only altitude control
was required, etc. On the second day, his first trial consisted
of controlling for pitch, yaw and altitude. The above procedure
was followed to cancel the effects of order for each day of test-
ing. The pilots followed the same procedure, but for the single
day only.

Referring again to Table I, it will be observed in the fifteen
conditions each control parameter occurred on 8 occasions. Thus,
roll was obtained on Conditions 1, 5, 6, 7, 11, 12, 13 and 15.
There being four such control parameters and 2 measurements of
each parameter (error and control position) along with 15 sub-
jects for 15 days, this produced 14,400 data units of 2 minutes
duration for the non-pilots and 960 such scores for the pilots.
Various transformations were made upon the data. These will be
subsequently described.

Prior to the first days testing, a subject was given a general in-
troduction to the apparatus and told what the procedures would be.
He was told, for example, that the pedals controlled for yaw, the
collective for altitude, etc. He was instructed to fly straight
and level on a North heading at 50 feet of altitude. He was then
given 2 minutes experience controlling each channel separately.
These pre-trial procedures were used for both pilots and non-pilots
except in the case of the former group, the discussion of the rela-
tionship between control movement to display movement was consider-
ably simplified.
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V. RESULTS

As previously related; two measures were continually enregistered
for each of the four control parameters (roll, pitch, yaw and
altitude). These consisted of momentary error (deviations from a
level attitude on a north heading at 50 feet) and control position.
These data were converted into digital form by sampling the mag-
netic tapes at the rate of 80 times a second. These numeric values
were then used in the construction of the following measures.

L e = ,/(a - d)dt

This value represents the total algebraic error. Since the momen-
tary measurements were about as often negative as positive, these
scores were close to zero unless a systematic error persisted. The
only value to this statistic was in the production of the standard
deviation (number 5 below).

2) w= /i_%;i) dat

This measure was integrated velocity of the control lever. In the
analysis it was used as an index of the subject's activity or work
input.

(3) /e/ = //./a - d/dt

This was the absolute (accumulated without reference to sign) in-
tegrated error.

W 2 = /(a _ D2 at

In this measure, the momentary errors were squared before being in-
tegrated. This, of course, produces a relatively high penalty for
large errors.

(5) g = e2 _ (e)z
N N
This also tends to assess a gisproportionate penalty for large
errors, but unlike /e/ and e“ it removes the penalty for con-
stant errors. It is, in consequence, closer to the subject's
perception of error than are the other measurements which are
based upon the experimenters criteria for error.

(6) /e/ w
This was an index of inefficiency based upon the absolute error
scores. It was simply a product of measures (2) and (3) as listed

above.
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(7) 2w

This was an index of inefficiency based upon the squared error.
It was the product of measures (2) and (4).

(8) o w

This index of inefficiency was obtained from the product of mea-
sures (2) and (5). ‘

The logic for these manipulations has been touched upon in a pre-
vious section. Basically, the absolute error is obtained as being
typical of the measurements that are often presented in tracking
studies. The squared error is grossly representative of an attempt
to formulate a more realistic scale than the linear function which
is given by the absolute error. The standard deviation has the
merit of the squared error technique, but it tends to consider only
those errors that the subject acknowledges as would be the case if
the subject consistently made a 1,000 foot error in altitude. The
indices of inefficiency are presented in an effort to compare these
parameters with their complimentary error scores to determine whe-
ther they produce a more sensitive test of the results.

In a gross way, the measurement o w considers only the performance
based upon that error the subject acknowledges to exist and works

to eliminate. The measurement &> also denotes such an acknowledgment,
but makes no reference to subject's activity. Differences between
the relative values of o and /e/ and of o~ w and /e/w are taken to
indicate the presence of error that the subjects were unaware of.

These measurements were produced in both absolute and relative forms.
In the latter, the effect of subject differences was removed. These
values are shown for the various treatment combinations in Figures

4 through 7 for absolute error /e/ only. The purpose of presenting
these graphs is to illustrate the fact that as training progresses
the ratio of task difficulty as a function of number of associated
tasks approaches unity. This phenomena was also evident for the
other methods of measurement, but it was not regarded as necessary
that they be presented here.

In Figures 8 through 31, the difficulty of the treatment conditions
is shown for the absolute values of the data. As an additional con-
venience, the results are broken down into blocks of five days each.
Of these figures, the first six pertain to roll, the second six to
pitch, etc. Each method of measurement is given a separate graph.
With respect to these curves, the following observations are perti-
nent. '

Pitch and roll show systematic improvement through the fifteen days
of testing. There is evidence, however, that the slopes of the curves
tend to attenuate as the experiment progresses.

Yaw shows improvement during the first ten days, but little there-
after.
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Figure 4 Absolute error (relativé scores) for the eight conditions
under which pitch was present for the fifteen days of testing.
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Figure 5 Absolute error (relative scores) for the eight conditions
under which roll wes present for the fifteen days of testing.
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Figure 6 Absolute error (relative scores) for the eight conditions
under which yaw was present for the fiteen days of testing.
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Figure 7 Absolute error (relative scores) for the eight conditions
under which altitude was present for the fifteen days of testing.
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Inefficiency /e/w for the eight conditions of pitch.
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Figure 13 Inefficiencyesfor the eight conditions of pitch.
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Figure 18 Inefficiency e‘w for the eight comditions of roll.
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Figure 17 Inefficiency /e/w for the eight conditioms of roll.
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Figure 19 Inefficiencyew for the eight conditions of roil.
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Figure 23 Inefficiency /e/w for the eight conditions of yaw.
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Improvement on altitude control tends to be erratic depending
upon the test conditions and the type of measurement.

Generally, the measurements of inefficiency are less erratic than
are the measurements of error.

As compared to the other control parameters, altitude shows large
fluctuations.

The presence of altitude adversely affects pitch control. Similarly,
the presence of pitch disrupts altitude control. A corresponding
relationship is also to be found between roll and yaw.

In Figures 32 through 127, comparison is made of each error curve
with its complimentary inefficiency curve. Since these' are based
upon different manipulations and since the reading of a voltage in
analog recording is an arbitrary matter only the relative slopes
of these curves are to be regarded as having importance.

Despite the fact that the error and inefficiency functions are
quite similar, a basic difference was found to prevail. This is
shown in Figures 128 through 159 where the F ratios obtained from
the 48 analyses of variance (2 subject sources x 4 control parame-
ters x 6 measurements) are illustrated. It is evident from these
graphs that the variances due to treatments and days of testing are
usually significant for all parameters and for all measurements.
Since this was not unexpected, the results are presented in a form
that will enable the reader to judge the relative significance of
the differences obtained in the error measurements and the ineffi-
ciency scores.

The first eight of these graphs pertain to the pilot data while
the remaining 24 relate to the non-pilot results. Since only one
day of testing was accomplished on the former, the variable of day
was not obtained. The F ratios for the treatment variable were
obtained using the pooled mean square error derived from the sub-
Ject and subject x treatment interaction as the denominator. The
subject variable was tested using the subject x treatment inter-
action alone. In these analyses, the variables of treatments,
subjects and treatments x subjects were given 7, 14 and 98 degrees
of freedom respectively.

In the non-pilot data, all first order interactions as well as the
subject variable were treated using the second order interaction
(subject x day x condition) as the error term. These were then
pooled to test the day and treatment variables. 1In these apalyses,
1,799 degrees of freedom were exercised being divided into 14, 14
and 7 degrees of freedom for the primary effects.

The primary finding here is thato™ tends to produce a higher bei
tween-conditions F ratio than does /e/ and /e/ is higher than e“.
At the same time, however, the_significance of the between subject
differences is reversed with e being the highest.
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Similarly, the measures of inefficiency produced a greater signifi-
cance to the difference between conditions than did the error scores.
Again, this was made possible by a less significant difference in
the between subject comparisons.
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Figure 41 Error (e2) inefficiency (e2w) and work (w) for pitch
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Figure 55 Error () inefficiency &w) and work (w) for pitch
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Figure 63 Error (/e/) and inefficiency (/e/w) and work (w) for roll
in the presence of pitch, yaw, and altitude.
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in the presemce of pitch and altitude.
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Figure 66 Error (e2) inefficiency (we2) and work (4) for roll Figure 67 Error (e2) ineffictency (e2w) and work (w) for roll
in the presence of yaw. in the presence of altitude, id

Lo




ks

error - pilot

work - pilot

inefficiency - pilot

error - non-pilot

work - non-pilot

inefficiency - non-pilot ®

L]
a
[ ]
[+]
A
o

2 PR " L

PR
T2 3 L 5 6 71 8
DAY

I S U N NN Ny . |
9 10 1 12 13 1 15 p

Figure 68 Error (e2) inefficlency (we2) and wark (v) for roll
in the pressrce of pitch and yaw,
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Figure 69 Error (e2) inefficiency (we2) and work (w) for roll
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Figure 71  Error {(e2) inefficiency {we2) and work (w) for rel)
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Figure 75 Error &) inefficiency @) and work (w) for rold
in the presence of altitude,
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Figure 76 Error (£) inefficiency (w) and work (w) for roli
in the presence of roll and yaw.
30C 60 | %+
200 6
A
wg | v | &
30+
100 30
[
@ error - pilot .
A work - pilot
& inefficiency - pilot
© error - non-pilot
A work - non-pilot
O inefficiency - non-pilot
— U S S S S U S S G U 1 g
1 2 3 L 5 b T8 v 1o ¥ 17 131 I5F

DAY

Figure 78
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Figure 77 Error (&) inefficiency (<) and work (w) for roll
in the nresence of piteh and altitude,
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Figure 83zrror (/e/) and inefficisncy (/e/w) and work (w) for yaw
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Figure 8 Error (/e/) and inefficiency (/e/w) and work (w) for yaw in
the presence of pitch and roll.
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Figure 36 Error (/e/) and inefficiency (/e/w} and work (w) for yaw
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Figure 85 Error (/e/) and inefficiency {/e/w} and work (w) for yaw
in the presence of pitch and altitude.
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Figure 88 Error (e2) inefficinecy (2w) and work (w) for
yaw alone.
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Figure 90 Error (e2) inefficiency (e2w) and work (w) for yaw
in the presence of roll.
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Figure 91 Error (e2) inefficiency (e2w) and work (w) for yaw
in the presence of altitude.
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Figure 93 arror (e2) inefficiency (e2w) ard work (w) for yaw
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in the presence of pitch, roil and altitude.
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Figure 98 Error (0) inefficiency (0,) and work (w) for yaw
in the presence of roll.
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Figure 101 Error (o) and inefficiency éew) and work (w) for yaw
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Figure 110 Error (/e/) and inefficiency (/e/w) and work (w) for sltitude

in the presence of roll and yaw.
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Figure 113 Error (e2) inefficiency (we2) and work (w) for altitude
in the presence of roll and yaw,

53

2013
1793

1000

w2

10l07 r
1850 T
1600

1000

w2

k100

2hid 4 O @ error - pilot
- 2 & work - pilot °
& ® inefficiency - pilot
| 1617 3 < © error - non-pilot
r 1600 D ‘ 4 wvork - non-pilot
O inefficiency - non-pilet
)
150
i
i
.
100 <1000 {
- .2
o
A
Y "]
Lso Fsoo b i
o
! é g R
- -
Y S S W PR N S S T S S S
12 3 L 5 6 7T 8 9 10 11 12 13 1k 15 ,

DAY
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VI. DISCUSSION

From the relative scores shown in Figures 4 through 7, it could
be hypothesized that with continued training, the proficiency on
a task in combination with other tasks approaches the level of
proficiency exhibited by the task when given alone. Although the
task combinations had not all achieved the same level at the end
of fifteen days of training, neither had they become absolutely
asymptotic. This hypothesis would obviously be of limited vali-
dity and utility, however, since it could not be true for a very
large number of tasks, and since the training required before
equalization was reached, it could be very great. For a limited
number of tasks, however, it could prove a useful rule as a guide
in problems of training and design since it would make it unnec-
essary to test all tasks in combination with one another before
judging the eventual proficiency that would be attained on each.

Manifest in these data (see Figures 8 through 31) is that some
tasks produce a debilitating interaction with one another while
others do not. In the present instance, this is most evident in
the case of pitch and altitude control, although a similar syner-
gistic' relationship can be found between roll and yaw. This illus-
trates, as well as anything can, the difficulty of predicting per-
formance as a simple function of the number of tasks. It is un-
likely that these instances of conflict can be anticipated prior
to testing. In the present case, it is likely that the difficulty
is conceptual rather than due to either stimulus or response dif-
ferentiation. Even non-pilots anticipated a change in pitch and
this association was difficult to overcome, although these parame-
ters were independently related in the present experiment.

It is interesting that for differences between treatments the stan-
dard deviation proved to be the most sensitive of the error measure-
ments and that the squared error tended to produce the lowest dif-
ference among the F ratios. This was largely achieved due to the
fact that the between subject variance was lower for the former
measurement. This is interpreted to mean that the standard devia-
tion was in closer correspondence with the subject's perception of
error than the other measurements were. These effects were common
to both pilot and non-pilot subjects. This should not be taken to
indicate an unqualified endorsement of the standard deviation as

a measure of error, since it is likely that any number of other
functions could be contrived which would prove as satisfactory.

Experiments serve many purposes. Infrequently, but occasionally,

a study is made in which a novel or unsuspected phenomenon is re-
vealed. More often, experiments establish quantitative values for
effects that are known to exist, but which have not been systemati-
cally described. Still more frequently, studies merely serve to
clarify ones thinking about the problem thus enabling subsequent
workers to state the questions in more rational terms.
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While the present work may lay some claim to each of these cata-
gories, it should be confessed that its contribution is more one
of clarification than of discovery. The original intent was to
collect data in such a manner that some mathematical expression
could be written in description of performance as it varies with
task loading. On the face of it, this appeared to be a straight-
forward objective requiring scrupulous care in the collection of
the data and some sophistication in the development of the mathe-
matical model. When analysis was attempted, however, the basic
concepts of the study begin to appear more nebulous than was orig-
inally supposed. Without self castigation, it can perhaps be said
that a thoughtful experimenter would have recognized this from the
beginning. Without undue rationalization, however, it can also be
said that the present experimenter was in good scientific company
while progressing toward a logical cul de sac.

It now appears doubtful if the notion of 'task' has a great deal

of utility or validity in purely theoretical research. The diffi-
culties are many. As pointed out earlier, the term is very broad
and may include anything from the most simple to the most complex

of behavior. In some types of research, this might pose no pro-
blem, but when an attempt is made to combine tasks, it is necessary
to define the common units of which the tasks are constituted.

Some approach couched in stimulus response or signal detection lan-
guage would probably be futile and certainly laborious and distaste-
ful. Added to this there is a species of circularity in the concept.
In a way that is peculiar to itself, the idea of ''task' cannot exist
outside our method of measuring it. Some behavior can be described
without reference to values or to volitional elements but the notion
of '"task" clearly implies purpose as well as judgment with respect to
a criteria. This would not be troublesome were it not for the fact
that the criteria established by the experimenter's analysis is al-
most certainly different from that accepted by the subject. It is
not very useful to speak of performance if we mean by that term
something other than the difference between the subject's behavior
and how he intends to behave. On the other hand, if every subject
is allowed to produce his own criteria, we are faced with the anar-
chy of relativism that is euphemistically referred to as pilot judg-
ment.

In the opinion of the present experimenter, there is no satisfactory
resolution to this dilemma within the context of '"pure' research.
The problem becomes real only when the criteria applied is pragmati-
cally well grounded. This is to say that it must be realistically
based upon such obvious things as safety of flight, probability of
mission success, etc. These values must be recognized by the sub-
Ject as clearly as they are by the experimenter. Experimental con-
clusions based upon such measures as absolute error and mean square
error have little place in an applied problem. The error scale
should be tailored to fit the task.

From the present analysis there is evidence that the inefficiency
indices are of greater value in the assessment of performance than
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are the error scores. This is plausible considering the fact
that they are the product of error and subject activity. 1In a
sense, the subject evaluates himself by the amount of work he is
doing. It will be recognized, however, that these are rather
crude estimates of inefficiency since they only reflect rate of
control movement which is not especially well correlated with
work performed. One might be led to conclude that acceleration
of control movements would prove to be the best reference to sub-
ject activity. From a purely mechanical viewpoint, this is, of
course, correct but more than simple mechanics is involved. A
subject may report being exhausted after an interval in a track-
ing situation despite the fact that the physical work performed
was negligible. It seems evident that work in this case relates
more to the perceptual-cognitive-emotional processes than it does
to muscular activity although some of each may be involved. Let
us suppose we call this complex "psychological work."” We are now
left with the question of how we go about measuring it. The most
manifest thing about it is that it produces a high rate of decision

making. Even in a simple tracking task, the subject makes decisions

at a rapid rate. The result of each decision is to make an input
of a quantity that may vary from zero to the limit of anatomical-

physiological tolerance. The force of the input would not, however,

correlate particularly well with the notion of psychological work.
An input, whatever its magnitude, is unitary, being the response to
a single decision.

A better measurement would appear to be the rate of change of accel-

eration. Assuming that the coefficient of friction does not vary
with the rate of control movement, it can be said that changes in

acceleration indicate changes in perception or decision. A measure-
ment of this parameter should consequently provide the best measure-
ment of psychological work. The sum of the products of the momentary
values of the rate of change of acceleration and the pragmatic error

score should produce a reasonable estimate of inefficiency.
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VII. SUMMARY

An experiment was conducted in which four (roll, pitch, yaw and
altitude control) tracking tasks were presented in all possible

combinations with one another. The intent of the study was to
contribute to an understanding of how performance is affected as
the task loading is increased. Fifteen pilots and fifteen non-

pilot subjects were used. A helicopter simulator mounted on a
dynamic platform was used as the principle apparatus of the study.
Information concerning the control parameters was transmitted to
the subject via the Norden vertical contact analog display. Momen-
tary error and control position were recorded on magnetic tape.

Six basic manipulations were performed on the data. Results were

presented in terms of absolute error, squared error and the stan-

dard deviation about the mean error. In addition, indices of sub-
ject inefficiency were produced by obtaining the products of each

error with the rate of control movement.

The following conclusions are to be drawn from the data:

1. With training, proficiency on a task in the
presence of other tasks approached the pro-
ficiency exhibited on the task presented alone.

2. Although error décreased with experience in a
negatively accelerated manner, the amount of
work accomplished in the performance of the
task did not show a concomitant decrease.

3. Certain tasks (pitch and altitude control will
serve as an example) when combined tended to
interfere with one another. Others did not
show this interference. This indicates that it
is impossible to predict performance as a simple
function of the number of tasks that are combined.
In the present instance, this interference appears
to be due more to perceptual than to manual con-
trol difficulties.

4. Among the error scores the standard deviation pro-
duced the most significant difference between con-
ditions of measurement. The squared error produced
the least. As these measures related to subject
differences, however, this order was reversed.

5. The indices of inefficiency produced a more signi-
ficant difference between experimental conditions
than did error scores. This again was reversed
with reference to subject differences.

6. The results of the tracking study were greatly af-
fected by the scale of measurement used. It was
concluded therefore that the scale chosen should
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conform realistically to the safety and utility
factors of the vehicle simulated.
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